Introduction The results of platelet-rich plasma (PRP) in spinal fusion applications are limited and controversial. Both beneficial and inhibitory effects have been shown. In this prospective randomised controlled trial, our objective was to assess both the clinical and radiologicaleffect of PRP when added to autograft iliac crest bone in posterior lumbar interbody fusion. Methods and materials Forty patients were recruited for the study fulfilling strict entry requirements and were randomised with a 1:1 ratio. In each group, one patient was lost to follow-up. Thirtyeight patients completed the Visual Analogue Scale (VAS), the Oswestry Disability Index (ODI), and the Short-Form 36 (SF-36) preoperatively and postoperatively at 3, 6, 12, and 24 months, respectively. CT-scans of the lumbar spine were taken at 3, 6, and 12 months. Posterior stabilisation was achieved with pedicle screws and interbody fusion was aimed at with carbon cages filled with autologous bone. Results Baseline demographic data (age, sex, smoking history, preoperative outcome measures) showed no relevant difference between groups. For patients who received autograft only, the mean VAS improved by 4.0 points (p \ 0.01), mean ODI improved by 32.1 points (p \ 0.001), and mean SF-36 showed statistically significant improvement in each of the eight domains and in the physical (p \ 0.001) and mental (p \ 0.001) component summary measures. For patients who received autograft with PRP, the mean VAS improved by 4.92 points (p \ 0.01), mean ODI improved by 30 points (p \ 0.001), and mean SF-36 showed statistically significant improvement in six of the eight domains (p \ 0.02) and in the physical (p = 0.016) and mental (p \ 0.001) component summary measures. The improvement of the VAS score and the physical component summary score was more pronounced in patients who received autograft with PRP. These differences were, however, not statistically significant. CT-scans showed uneventful osseous healing in all but one patient with no difference between groups. Conclusion In this prospective randomised controlled clinical and radiological trial, adding PRP in posterior lumbar interbody fusion did not lead to a substantial improvement or deterioration when compared with autologous bone only. No inhibitory effect of PRP was observed on CT-scans. From a clinical and radiological point of view, the use of PRP seems to be justified in posterior lumbar interbody fusion surgery. From an economical point of view, the expense of using PRP cannot be justified until statistical significance can be reached in a larger study.
Introduction
Several centrifugation techniques have been described for the development of platelet concentrates for clinical use in a wide array of indications [15, 19, 21, 22, 39] . Advanced ultrafiltration techniques result in concentrated plasma of up to 10 times that of whole blood: AGF (autologous growth factors). Platelet-rich plasma (PRP) is defined as a portion of the plasma fraction of autologous blood having a platelet concentration above baseline [27] . Platelets are a key component of the initial cellular response in tissue repair, which migrate to the injury site and release a variety of growth factors. The early platelet-mediated activity induces formation of a fibrin clot as well as chemotaxis of white blood cells and stem cells. Platelet degranulation and release of platelet-derived growth factor, transforming growth factor-beta, and vascular endothelial growth factor are among the signalling substances known to be important in bone healing [17, 24] .
The concept of PRP application is to enhance the healing properties of bone by stimulating osteoinduction and mitogenesis [2] . When multiple growth factors are present at the bone formation site, they may exert a synergistic effect [26] .
Numerous preclinical studies have reported positive results on the use of platelet concentrates in promoting tissue healing [14, 25, 26] . Other preclinical studies have shown inhibition of osteogenic proliferation and differentiation as well as reduction of the activity of demineralized bone matrix, leading to a decrease of bone formation [3, 4, 7, 10, 11, 33] .
Most clinical studies have been performed in the field of oral and maxillo-facial surgery. Several showed stimulation of bone formation [12, 26, 38] whereas others showed no effect [13, 34] .
The results in spinal fusion applications are limited and controversial. Both beneficial [1, 20] , and inhibitory [8, 9, 37] effects have been shown. In 2003, Hee et al. demonstrated faster fusion but no increase in fusion rates when used in transforaminal interbody fusion [20] . In that same year, Weiner and Walker reported on a detrimental effect of platelet-rich plasma on autograft in patients who had posterolateral spine fusion [37] . Manufacturers were therefore required to add a text to the warnings section of the device label, stating that the effectiveness of the device has not been established [31] . In a recent review article, platelet gel was given a grade 2B recommendation (weak recommendation; alternative approaches likely to be better) as an enhancer of the effect of autograft for both posterior lumbar fusion and anterior lumbar interbody fusion [30] . The grade of recommendation depended on the clarity of the risk/benefit and the methodological strength of supporting evidence.
To add to the confusion, the rate of fusion depends to a great extent on the investigator's interpretation [18, 28] . Because there is no single definition of what constitutes fusion, it is difficult if not impossible to compare the results of different studies. Moreover, it is difficult to determine radiographically whether fusion has occurred. Therefore, we tried to use the most stringent criteria for fusion and used a classification that allows to distinguish between minor changes on CT-scan.
The purpose of the current study was to assess the effect of platelet-rich plasma when added to autograft iliac crest bone in posterior lumbar interbody fusion. Both clinical and radiological outcomes were considered.
Our first hypothesis was that there would be a clinical benefit. The most important and relevant clinical difference was expected in the physical component summary (PCS) measure of the SF-36 score. Based on our experience of PRP in the period before the study, a mean difference of 5 score units was expected between the 2 groups with a variance of 30.
Our second hypothesis was that, on CT-scan, there would be no inhibitory effect of PRP on bone formation.
Methods and materials

Study design
A single-centre single-surgeon prospective randomised controlled trial was conducted. Approval from the local ethical committee and institutional research board approval was obtained for the study. The reviewers and the surgeon have and had no personal or financial interest in companies selling AGF-and PRP-technology, nor have they received any financial support from them.
Indications for surgery were both lytic and degenerative spondylolisthesis, disc degeneration not responding to conservative treatment modalities for at least 6 months, and disc herniation in patients with severe disc degeneration and persisting sciatica despite epidural steroid injections. The study was restricted to patients with single-level disc pathology. Patients with disc pathology at adjacent levels and patients undergoing multi-level surgery were excluded. Other exclusion criteria were history of spinal surgery other than discectomy, severe osteoporosis, systemic disease, malignancy, chronic use of steroids or NSAIDS, skeletally immature patients or patients over 70 years. A full informed consent was obtained from each patient. Randomisation was by sealed envelope with a 1:1 ratio opened just prior to surgery. 
Surgical technique
Just before anaesthesia, 54 ml blood was taken from the patient through a peripheral catheter. Platelet-rich plasma was produced, using the Sympony TM Platelet Concentration System (DePuy, Johnson & Johnson). Samples of the starting material and platelet concentrates were analysed to determine the absolute concentration and yield of platelets. PRP was clotted with thrombin (1,000 U/ml in 10% CaCl2) by adding 1 part thrombin stock solution to 9 parts of plasma to yield a final thrombin concentration of 100 U/ml.
A posterior lumbar interbody fusion with posterior pedicle screw fixation was performed through a midline posterior approach. Pedicular screws were placed under fluoroscopic guidance, followed by a complete laminectomy and discectomy. The vertebral body endplates were prepared by curetting until point bleeding was seen.
Autologous cancellous bone chips were harvested unilaterally from the iliac wing, approached through the midline posterior incision. The cages of the appropriate size were filled with bone chips and were steeped in the plasma-thrombin solution until clotting occurred visually (approximately 10 min). In the control group, the cages were filled with autologous bone in the same way and were implanted after approximately 10 min, without incubation in a plasma-thrombin solution. The cages were implanted under fluoroscopic guidance, followed by placement of rods. No posterolateral grafts were used.
Three doses of intravenous antibiotics were given, one just before anaesthesia and 2 doses at 8 and 16 h postoperatively. A lumbar orthosis was worn during activity for 6 weeks.
Outcome measures
The visual analogue scale (VAS) of pain, the Oswestry Disability Index (ODI), and the Short-Form 36 (SF-36v2 Ò ) questionnaire were completed preoperatively and postoperatively at 3, 6, 12, and 24 months, respectively. The minimum clinically important differences for outcome measures were established, based on the literature: VAS 2 points, ODI 10 points, and SF-36 seven points in each domain [16, 32, 35] . Physical Component Summary (PCS) and Mental Component Summary (MCS) measures were scored using a three-step procedure. First, the eight health domain scales were standardised using means and standard deviations from the 1998 US population. Second, these scores were aggregated using weights from the 1990 US general population. Third, aggregate PCS and MCS scores were standardised using a linear T-score transformation [36] .
Radiographs of the lumbar spine (anterior and lateral views) were taken pre-operatively and postoperatively at 3, 6, 12, and 24 months, respectively. Flexion/extension radiographs were taken postoperatively at 3, 6, 12, and 24 months, respectively. The dynamic films were performed I a sitting position.
CT-scans of the fused segment were taken postoperatively at 3, 6, and 12 months, respectively. Reconstructions were made in both the coronal and the sagittal planes. We developed a classification to optimally determine the presence of bridging trabecular bone between the vertebral bodies. The status of the interbody fusion was quantified using the 'bridging trabecular bone scale': Visual rating from CT-reformatted images using a percentage based on the total length of the device/graft-vertebra interface superiorly and inferiorly. Rating was determined by combining both the superior and inferior edges of the device/ graft-vertebra interface to yield an overall percentage of bridging bone (Table 1 ; Fig. 1 ).
All films were read by two independent radiologists blinded to the randomization assignment. A third radiologist was consulted in case of discrepancy.
Fusion was regarded as complete when the patient had not undergone a supplemental fixation at any time during the study, if there was no evidence of pseudarthrosis on X-ray, when there was no motion on flexion/extension films, and if the bridging trabecular bone score was 3, 4 or 5.
Statistical analysis Continuous data were tested for normality by KolmogorovSmirnov test. For all variables a normal distribution could Visual rating from CT-reformatted images using a percentage based on the total length of the device/graft-vertebra interface superiorly and inferiorly. Rating was determined by combining both the superior and inferior edges of the device/graft-vertebra interface to yield an overall percentage of bridging bone be assumed. For comparisons before and after treatment, paired t tests were used; comparisons between groups were tested with independent t tests. We estimated a mean difference of 5 score units between the 2 groups with a variance of 30. With a power of 0.8 and a significance level of 0.05, a number of 20 patients was estimated to be sufficient in order to reach conclusive statistical significance.
Results
Between February 2005 and December 2006, 40 patients were recruited for the trial: 20 were randomised to the study group, receiving autograft ? PRP and 20 to the control group, receiving autograft only. In each group, one patient was lost to follow-up. Patient demographics and operation details are set out in Table 2 . There were no relevant differences between the groups with regard to BMI, sex, smoking history, or level of pathology (all p ) 0.05). Analysis of preoperative outcome measures showed no statistically significant difference between the two groups ( Table 3) .
The mean increase in plasma concentration after centrifugation was 3.3-fold.
VAS
Both groups showed a significant improvement in VAS 2 years postoperatively ( Fig. 2) with an improvement of 4.92 points in the study group (p \ 0.001) and 4.00 points in the control group (p \ 0.001). The difference in improvement was not statistically significant (p = 0.166). Oswestry disability index Both groups showed a significant improvement in ODI 2 years postoperatively ( Fig. 3 ) with an improvement of 30 points in the study group (p \ 0.001) and 32.1 points in the control group (p \ 0.001). There was a non-significant difference in improvement between the two groups (p = 0.201). Note the preoperative difference which is more or less maintained during follow-up.
Short-Form-36
Both groups showed improvement in each domain of the SF-36. There were clinically important improvements in each domain ([7.0 points) and statistically significant improvements in all domains, except for vitality and mental health in the study group (Table 4) . In these two domains, the absolute scores were markedly higher in the study group, pre-operative as well as at each post-operative interval. The improvement of the SF-36 scores was more pronounced in the study group in six domains, predominantly in physical role and social function (Table 5) . Norm-based PCS and MCS measures showed improvement in both groups (Fig. 4) Imaging CT-graphic fusion was achieved in all but one patient from the control group (Bridging trabecular bone scale 0). He had no clinical signs or symptoms of non-union at 2 years' follow-up. There was no intervertebral translation nor angulation on dynamic X-rays There was no difference between both groups in interbody healing on CT-scan reconstructed images at 3, 6, and 12 months (p = 0.741, p = 0.663, p = 0.951), respectively (Fig. 5 ).
Adverse events
There was one accidental dural tear, which needed repair, in the study group. There were no wound infections or vascular injuries. Transient radiculopathy occurred in one patient of the study group and in two patients of the control group. There were four cases of donor site pain in the study group and in two cases in the control group at 3 months post-operatively. At 2 years' follow-up, no donor site pain was noted anymore. In the study group, hardware was removed in one patient after bony fusion was achieved. In the control group, instrumentation was removed in three patients after bony fusion was achieved. Revision surgery for non-union was not indicated.
Discussion
There was a significant improvement in VAS 2 years postoperatively with an improvement of 4.92 points in the study group and 4.00 points in the control group. This difference was not statistically significant. Both groups showed a significant improvement in ODI 2 years postoperatively with overall higher scores for the study group. There was a non-significant difference in outcome between the two groups, due to a remarkable preoperative difference.
Short Form-36 analysis showed clinically important improvements in each domain and statistically significant improvements in all domains, except for vitality and mental health in the study group. In general, SF-36 scores were higher in the study group. PCS and MCS measures showed improvement in both groups. Improvement of PCS measures was more pronounced in the study group.
Imaging showed uneventful fusion in both groups, except in one patient. No stimulating or inhibitory effect of PRP was observed on CT-scan.
Instrumentation was removed in 4 out of 38 patients (10.5%) after bony fusion was achieved. We believe that this is due to the higher profile of the Monarch TM Typhoon Cap, leading to symptomatic friction of the paraspinal muscles.
The enhancement of healing by the placement of a supraphysiologic concentration of autologous platelets at the site of surgery is supported by basic science studies [5, 14, 25, 26] . Research has revealed that the role of platelets is much more involved than simply 'plug' formation; they are responsible for actively extruding growth factors, which initiate bone formation [5] . Beneficial effects of PRP on spinal fusion were reported by Hee et al. [20] in a prospective study comparing transforaminal lumbar interbody fusion (TLIF) with autograft ? AGF to an historical cohort without AGF. They demonstrated faster fusion but no increase in fusion rates. They included both 1-level and 2-level fusions. Fusion was assessed on X-ray.
Inferior rates of arthrodesis were reported by Weiner and Walker when AGF was added to autologous bone in posterolateral spine fusion [37] . They performed a retrospective, consecutive series in 59 patients who underwent a single-level fusion. Fusion was assessed by two spine surgeons on dynamic X-rays at 1 and 2 years.
An inhibitory effect of growth factors has been suggested by Castro in spinal interbody fusion [9] . Spinal fusion was assessed in a consecutive series of 62 patients receiving autograft only, followed by a consecutive series of 22 patients receiving autograft ?AGF. The arthrodesis rate appeared to decrease in the AGF group with 19%. A transforaminal lumbar interbody fusion was performed at one or two levels. Interbody cages were used from three different companies and posterior fixation instrumentation was used from five different companies. Arthrodesis was diagnosed on X-ray.
A retrospective cohort study looked at posterolateral fusion, diagnosed by X-ray, CT-scan or exploration [8] . They included 1, 2, or 3-level instrumented fusions. Only patients with persistent back pain and without a good fusion mass on X-rays were further investigated with CTscan and eventually exploration. They found a very high non-union rate on exploration: 18% in the AGF group and 16% in the control group. They concluded that platelet gel failed to enhance fusion rate when added to autograft in patients undergoing instrumented posterolateral fusion.
The possible inhibitory effect was studied by Jenis in a prospective non-randomised study, comparing iliac crest bone graft to allograft combined with AGF [21] . Arthrodesis was diagnosed on X-ray and CT-scan. They found equivalent radiographic and clinical outcomes in 1-and 2-level interbody fusions. No inhibitory effect was noted on graft incorporation.
Most other studies looking at the combination of PRP and autograft have looked at heterogenous groups of patients, undergoing anterior, posterolateral, and posterior lumbar interbody fusion [25, 29] .
The interpretation of fusion on the basis of static X-rays is subject to controversy [28] . Even on flexion-extension films, it is difficult to assess fusion for several reasons: there is a difference in range of motion of 7°to 14°in asymptomatic individuals, pain may inhibit motion, and the measurement of motion may be unreliable in the presence of pedicle-screw instrumentation [6, 28] . Therefore, we did not include X-rays in the diagnosis of fusion. We preferred to use thin-slice CT-scan with reconstruction images in the coronal and sagittal planes, allowing to determine a degree of fusion rather than distinguish between fusion and nonfusion, and to determine an eventual inhibitory effect of PRP. We therefore developed a classification for optimal determination of the presence of bridging trabecular bone between the vertebral bodies. CT-graphic fusion was determined in all but one patient in this study. Because he had no clinical signs or symptoms of non-union at 2 years follow-up, a 'functional arthrodesis' was diagnosed [23] .
The first hypothesis, that there would be a clinical benefit in the study group, could not be confirmed. In the present study, the variance was higher than expected and the observed differences in PCS were lower than expected. As a result of this, the study turned out to be insufficiently powered, and as a consequence the differences in PCS and VAS did not reach statistical significance.
The second hypothesis, that there would be no inhibitory effect of PRP on graft incorporation on CT-scan at 3, 6, and 12 months postoperatively, was confirmed. Although we distinguished four stages of fusion, it was unlikely to find a remarkable difference in the speed of bone formation, only by adding PRP. Also, it was unlikely to find a difference in the rate of non-union because the incidence of non-union in a well-performed fusion ? PLIF in a healthy person is extremely low.
This prospective randomised controlled clinical and radiological trial shows no substantial improvement or deterioration in clinical and radiographical outcome when using autologous bone with PRP in posterior lumbar interbody fusion when compared with the use of autologous bone only. Therefore, the expense of using PRP cannot be justified until statistical significance can be reached in larger studies.
Conclusion
Using PRP provided no substantial improvement or deterioration in clinical and radiographical outcomes in posterior lumbar interbody fusion.
No significant benefit on the clinical course after spinal lumbar interbody fusion could be observed in this study. Accordingly, from an economical viewpoint, the cost/ benefit ratio remains high and the use of PRP cannot be recommended on a routine basis until statistical significance can be reached in a larger study.
On CT-scan, no inhibitory effect on graft incorporation was seen.
Local ethical committee and institutional research board approval were obtained for the study.
